proteins are due to misannotated N termini, these find- are ribosomal proteins and were found in the preparation of outer envelope proteins. The envelope membrane is All proteins identified from the MDC (MDC column) and the envelope (ENVELOPE column) fractionation strategies excluding contamiin close contact with other cell organelles (e.g., during nants (Table S2A) were analyzed for their predicted subcellular localphotorespiration [24] ) and the cytosol, and the interacization by using TargetP are now required to substantiate the envelope association of the identified proteins and the biological relevance of potential interactions. For the subsequent analegy one) and enrichment of envelope membrane proyses, we therefore focused our efforts on the proteins teins (strategy two) because envelope and thylakoid identified from the MDC approach. Recent proteome membrane proteins cannot be separated by MDC (Fig- analyses with Arabidopsis mitochondria and peroxiure S1). Altogether, 690 proteins were identified with somes identified the most abundant proteins of these high confidence. The MDC approach allowed the excluorganelles, which provided a reference to assess the sive identification of 409 proteins, and 148 proteins were level of potential cross contamination [10, 11, 14]. Based exclusively identified from the envelope fraction, while on these studies, we predict that two proteins in our 133 proteins were identified by both fractionation pro-MDC proteome analysis are more likely to be of peroxicedures (Table 1 lists all identified proteins). We have somal origin, and five are more likely to be of mitochoncompiled all relevant information on the 690 identified drial origin (Table S2B) . This indicates that a potential proteins into a database that is available at http:// crosscontamination with proteins from these organelles www.pb.ipw.biol.ethz.ch/proteomics/.
is approximately 1% or less. We determined to which extent TargetP [3] (http:// We performed RNA profiling analyses by using the www.cbs.dtu.dk/services/TargetP/) predicted the chloArabidopsis ATH1 GeneChip (Affymetrix, Santa Clara) to roplast localization of the identified proteins. Since most determine if a correlation exists between the chloroplast of the proteins from the outer envelope membrane do proteins identified by MS/MS and their expression levnot contain a transit peptide, we separately analyzed els. The analysis of RNA samples from leaves of the the TargetP prediction of nuclear-encoded proteins for same developmental stage revealed that approximately the proteins identified by the two fractionation strategies 65% of the identified proteins were also highly exexcluding all putative contaminants (a list of proteins pressed at the RNA level (Ͼ1000 arbitrary units) (Figure that are known abundant proteins in other cell organelles 1). Considering the specialized function of the chloroand thus potentially not of chloroplast origin is provided plast and the dynamic range of the proteins in the chloroin Table S2A ; these proteins were excluded from all plast proteome, this correlation between RNA levels and subsequent analyses). TargetP predicted a chloroplast shotgun MS/MS protein identification provides a useful localization of only 58 of the 137 envelope proteins, while estimate of protein abundance (Table 2) . Based on this 9 proteins were predicted to localize to mitochondria, 25 correlation, we compared the distribution of TargetPto the secretory pathway, and 39 to "any other location" predicted chloroplast proteins and nonpredicted pro- (Table 1 ). In contrast, TargetP correctly predicted the teins among the five categories of RNA expression levels chloroplast localization of 318 of the 499 proteins identishown in Figure 1 . As expected, we found a significantly fied by the MDC approach. Only 28 proteins were prehigher proportion of proteins with a chloroplast signal dicted to localize to mitochondria, 24 to the secretory peptide in the two categories of highest RNA expression pathway, and 103 to any other location. Considering levels. Proteins without a canonical transit peptide were TargetP specificity and sensitivity [2], it is likely that the also found in the categories of lower RNA expression prediction for different subcellular localizations results levels. Since contaminations typically result from abunfrom incorrect negative predictions of true chloroplast dant proteins that are also expressed highly at the RNA proteins. We cannot exclude, however, that these prolevel, it is therefore unlikely that our identification of teins are targeted to more than one organelle. Dual tarchloroplast proteins without a canonical transit peptide geting has been described for several proteins (reviewed resulted from a systematic contamination of the chloroin [23] Figure 2 ). This result strongly suggests that the identified proteins are of cyanobacterial origin and imported into chloroplasts without a ca- predicted to localize to the chloroplast by their enzymatic function ( Figure 3 ). As expected, the functional profiles of predicted and nonpredicted chloroplast prothe nucleus of the eukaryotic progenitor cells. Our proteomics data should indicate how many of these genes teins were similar. The majority of the proteins not predicted to localize to the chloroplast were of unknown may encode proteins that are now transported into the chloroplast without a canonical transit peptide. We function (Figure 3 ). These data also allowed us to estab- n/a n/a 25% (8/32) n/a gene expression a Average RNA expression levels of all identified proteins from each pathway. Pathway assignment was done on the basis of the KEGG and the TAIR databases. Numbers indicate the arithmetic mean of RNA expression levels for proteins from the designated pathway on the GeneChip. Not applicable (n/a) to plastid-encoded genes. b Average RNA expression levels of all proteins from each pathway including those that were not identified. Pathway assignment was the same as described in footnote a. All isoenzymes and orthologs with a chloroplast targeting signal were taken into account. Not applicable (n/a) to the complete proteome-and plastid-encoded genes. c Pathway coverage achieved with the proteins identified in this study. Not applicable (n/a) to the complete chloroplast proteome. d Spearman rank correlation coefficient (SpC) of transcript and protein levels. Protein levels were ranked by the number of identified tryptic peptides normalized to the molecular weight of the protein (number of tryptic peptides/molecular weight). Not applicable (n/a) to the plastidencoded genes.
The significant number of proteins with unknown function makes it difficult to assign novel metabolic activities to the chloroplast. We therefore applied structure-and function-prediction methods to develop more informative annotations for proteins of unclassified function [25] . Of the 141 proteins in this set annotated as expressed, hypothetical, or unknown, we were able to predict a molecular function and/or 3D structure for at least one domain for 59 (or 42%) by using the bioinformatics approaches described in the Supplemental Experimental Procedures. We illustrate these predictions for four representative sequences: At3g14590, At5g62620, At3g23700, and At5g02180.
Analysis of At3g14590 suggested a potential N-terminal transmembrane domain, followed by two copies of a calcium binding domain (C2; the second domain appears to be truncated and possibly degenerate). At5g62620 has two different domains with related functions, a galectin-3 carbohydrate recognition domain (CRD) near the N terminus, and a C-terminal domain from the galactosyltransferase family. The third example, At3g23700, has four copies of the S1 RNA binding domain. Analysis of At5g02180, which was identified in the membrane fraction, revealed seven putative trans- the inner envelope membrane [26] , and nine of these 46 proteins have putative transport functions. Our proteome analysis confirmed the chloroplast envelope lolish the chloroplast localization of an essential step in calization of these 46 proteins and provides further suppurine biosynthesis. We identified phosphoribosylforport for the nine predicted transporter proteins in the mylglycinamidine synthase (At1g74260), which is prechloroplast envelope membranes. In addition, the chlodicted to localize to mitochondria (reliability class 3) in roplast envelope localization of five of the nine predicted the chloroplast proteome. Phosphoribosylformylglytransporter proteins was recently reported [19]. We also cinamidine synthase is one of three enzymes that cataidentified components of the chloroplast protein import lyze the conversion of glycinamide ribonucleotide to complex (TOC and TIC components and the soluble aminoimidazole ribotide. The two other enzymes are factors [ 
27, 28]), except for TIC20 and TIC40 (Figure 4 A). predicted to localize to the chloroplast, which strongly
This could indicate that these two proteins are present at argues that these steps in purine biosynthesis occur in substoichiometric levels compared to the other TIC and plastids. Moreover, phosphoribosylformylglycinamidine TOC proteins or are, perhaps, not constitutive composynthase was also consistently found in BY-2 plastids (S.B., A. Siddique, and W.G., unpublished data).
nents of the import machinery. 
Assessment of Pathway Prevalence by Correlation important plastid metabolic activities (Table 2 and Figure 4). Coverage of chloroplast functions was, e.g., 93% for of Transcript and Protein Abundance
The 690 identified proteins represent a cross-section of Calvin cycle enzymes and 65% for nucleus-encoded photosynthetic electron transport proteins ( Table 2 ). The the full chloroplast proteome. Since MS/MS identification was biased toward abundant proteins (Figure 1) , identified proteins included all enzymes of the Calvin cycle except for a ribose epimerase, which is also exour results most likely reflect the identification of biochemical pathways in the chloroplast that are most acpressed at very low RNA levels ( Figure 4B ). This enzyme catalyzes the conversion of xylulose 5-phosphate to ritive at the developmental stage and growth condition of the plants used in our experiments. Therefore we bulose 5-phosphate, which is important for the regeneration of ribulose 5-phosphate as the primary substrate predicted that our proteomics approach could identify most, if not all, enzymes of active pathways. Less active for CO 2 fixation. The failure to detect ribose epimerase in our MDC approach suggests that ribulose 5-phosphate or inactive pathways would result in a comparatively lower coverage of identified proteins. We tested our may be predominantly regenerated from sedoheptulose 1,7-bisphosphate by the concerted action of transkehypothesis by analyzing the proteins we identified for Collectively, we found a positive correlation between transcript abundance and protein detection for the amino acid synthesis pathways and the Calvin cycle (Table 2) , resulting in a Spearman rank correlation of 0.72 and 0.66, respectively (Table 2 and Figure S2 ). The positive correlation suggests that in photosynthetically active chloroplasts, these metabolic pathways are regulated primarily at the transcriptional level. This is in contrast to the tetrapyrrole synthesis pathway, for which we could not find a strong correlation between transcript levels and relative protein abundance (SpC, Ϫ0.25). Only a weak correlation was found for nucleus-encoded proteins of photosystems I and II (SpC, 0.42) ( Table 2 and Figure S2 ). Since tetrapyrrole synthesis is tightly coordinated with the synthesis of photosystem light-harvesting proteins, our results support a view that this coordination is largely controlled by posttranscriptional processes, which are not fully understood at present (reviewed in [30] ). Similarly, our proteome analysis identified only 25% of the known proteins involved in the Coverage of enzymes from amino acid synthesis path-
Expression Analysis
The functional categorization of the proteins identified ways was less complete (only 23%, Table 2 ). Since glutamate and glutamine synthesis occur in the light while in our MS/MS shotgun chloroplast proteome analysis suggests that we have found enzymes and other prosynthesis of aromatic amino acids is downregulated in the light [29] , we investigated pathway coverage (i.e., teins for nearly all known chloroplast photosynthetic complexes as well as for metabolic and regulatory paththe ratio between the number of identified enzymes and all enzymes in the pathway) for these metabolic pathways (Figure 4 and Tables S3-S5 ). For most of the metabolic pathways, however, we identified only a limited ways in more detail ( Figure 5 ). All enzymes from the glutamate and glutamine synthesis pathways (100% number of their enzymes, although the activity of the pathways has been demonstrated in different plastid pathway coverage) were identified suggesting that they are most active during photosynthesis (Figure 5) . Sevtypes. In combination with RNA expression profiling, the information compiled in the list of identified proteins eral enzymes from the branched chain amino acid and arginine synthetic pathways were identified, but pathand their distribution over metabolic pathways therefore provides useful information about the prevalence of speway coverage was less complete (below 50%, Figure 5) . No enzyme was identified for the synthesis of aromatic cific metabolic pathways in chloroplasts under specific experimental conditions (Table 2) . We believe that comamino acids. Aromatic amino acids are precursors for a large variety of secondary metabolites, many of which bining RNA expression profiling and MS/MS shotgun proteomics can contribute to new insights into regulaare involved in stress responses. Their synthesis is induced during stress and is usually not detectable under tory levels of gene expression on a large scale, as we have demonstrated for five essential chloroplast funcnormal growth conditions [29] .
Pathway prevalence as suggested by pathway covertions (Table 2) . Analysis of amino acid synthesis in yeast already showed that metabolic pathways were reguage is also well reflected at the RNA expression levels, which are highest for enzymes in the glutamate, glutalated in a concerted fashion at the transcriptional level during adaptation from rich to minimal growth media mine, and branched-chain amino acid synthesis pathways and lowest for the aromatic amino acid synthesis [32] . Our results suggest that expression of amino acid synthesis and Calvin cycle enzymes is largely regulated pathways. For a general assessment of the correlation between transcript and relative protein abundance, we at the transcriptional level as well under our experimental conditions (Table 2 and Figure S2 ). The correlation calculated the Spearman rank correlation for important chloroplast metabolic functions ( Table S1 ) that have also identified proteins not predicted by TargetP to localize been predicted in silico to localize to the envelope memto the chloroplast revealed already that 7.4% of their brane [26] . Together, our MDC-coupled MS/MS shotgun genes have homologs in Synechocystis, but not in yeast, protein identification strategy significantly expanded the suggesting that during evolution these genes were number of proteins identified from chloroplasts. In comtransferred from the cyanobacterial endosymbiont gebination with bioinformatics analysis and structure prediction tools (see Results and Supplemental Experimennome to the nuclear genome of the plant cell. This pertal Procedures), we were able to develop a more centage is significantly higher than would be expected informative annotation for "hypothetical" proteins in relfrom a random search of cyanobacterial gene homologs evant databases. Although our proposed annotations in the Arabidopsis genome (approximately 4%) and reinare still preliminary, they demonstrate that extraction of forces our view that many more proteins without a preprotein sequences by MDC-coupled MS/MS shotgun dicted transit peptide are imported into the chloroplast, proteomics coupled with structure-and function-prepossibly via novel import mechanisms. diction tools is a useful and efficient approach to facilitate and improve functional annotations.
Conclusions
We report here the most comprehensive list of proteins Chloroplast Proteome Analysis Offers New identified from chloroplasts to date. A full description Insights into Organelle Evolution of the chloroplast proteome is important to understand Organelle proteome analysis offers the opportunity to chloroplast biogenesis and metabolism. The identificadefine the protein complement of entire cell comparttion of proteins that cannot be predicted in silico to ments and to improve prediction tools for protein locallocalize to the chloroplast supports the view that proteoization. The identification of a large number of proteins mics with cell organelles is perhaps the only reliable establishes an important basis to gain new insights into way to provide information about protein sorting and protein sorting and import, as well as the apparent compathway compartmentalization on a large scale. When plexity of the proteome. For example, after subtracting combined with metabolite profiling, the proteome and from our list of proteins all proteins identified from the RNA expression analysis reported here can be develenvelope membrane fraction (some envelope proteins oped into a valuable systems approach strategy to gain do not contain a predictable transit peptide), plastidnew insights into the metabolic and regulatory networks encoded proteins, and all potential contaminants (Table  that control plastid and ultimately plant cellular func-S2A), only 67% of the remaining proteins are predicted to localize to the chloroplast by available prediction tools tions.
